The efficacy of antivenom and verapamil against Chironex fleckeri (box jellyfish) venom was investigated in monitored mechanically ventilated piglets. Chironex fleckeri tentacle extract alone, a mixture of tentacle extract with antivenom, and verapamil before tentacle extract were administered intravenously to groups of animals. Tentacle extract caused severe systemic hypotension, cardiac dysrrhythmias, pulmonary hypertension, haemolysis and hyperkalaemia. These effects were prevented by pre-incubation of tentacle extract with antivenom. Verapamil did not prevent any effect of venom, exacerbated cardiovascular collapse and increased mortality. We conclude that antivenom neutralizes the cardiovascular, haemolytic and hyperkalaemic effects of box jellyfish venom. Verapamil does not prevent any of these effects and is contra-indicated for treatment of envenomation.
The venom of a chirodropid cubozoan jellyfish, Chironex fleckeri (box jellyfish) which inhabits coastal waters in northern Australia contains dermonecrotic, haemolytic and lethal properties 1 . Approximately 63 human deaths have occurred after envenomation 2 . Case reports [3] [4] [5] indicate that the mechanism of death is cardiovascular collapse, respiratory failure or both. The mechanisms of these phenomena have not been fully elucidated. Each may be secondary to the other rather than distinct phenomena. In animal experiments [6] [7] [8] apnoea accompanied by transient hypertension and then by severe hypotension was attributed to reflex stimulation of baroreceptors 8 , but the mechanism is speculative. Cardiovascular effects in animals have been attributed to direct effects on the heart [6] [7] [8] , but these were observed in spontaneously breathing animals which may have developed respiratory failure.
Antivenom is raised in sheep by immunization with venom obtained by "milking"-a process in which venom is obtained by electrical stimulation of tentacles stretched over amniotic membrane. The antivenom has anecdotal clinical efficacy [9] [10] [11] . However, in vitro and in vivo experiments have demonstrated that its neutralizing ability against venom obtained from crushed Chironex fleckeri nematocysts was less than against venom obtained by milking 12 . This suggests that "milked" venom may not contain all active components of venom and consequently that antivenom may not possess full efficacy.
Verapamil, a calcium channel blocker and smooth muscle vasodilator, has been proposed as an antidote to be administered on the beach for victims of box jellyfish stings 13 and during prolonged advanced cardiopulmonary resuscitation 5, 14 , but its effect on cardiovascular performance during envenomation has never been tested. The suggested use of verapamil to treat envenomation has been viewed with some scepticism because of its hypotensive effect 15 but there is some logical basis for its use. (1) Tentacle extracts caused contraction in isolated vessel preparations 16 while a tentacle extract, a gel purified extract and toxin obtained by "milking" all decreased coronary blood flow, heart rate and amplitude of contraction in isolated perfused hearts (17) : (2) The cardio-vascular effects of venom may result from an influx of calcium into muscle fibres 18 , inhibition of uptake of calcium by sarcoplasmic reticulum 19 and interference with electrical events and contraction of myocardial tissue 16 .
We aimed to elucidate the cardiovascular effects of box jellyfish tentacle extracts in mechanically ventilated haemodynamically monitored animals and to test the efficacy of antivenom and of verapamil.
MATERIALS AND METHODS
Approval for the study was granted by the hospital ethics committee. General anaesthesia was induced in piglets weighing 8.0 to 17.2 kg by spontaneous inhalation of 2 to 4% halothane in oxygen delivered by a Boyle's anaesthetic machine. After tracheal intubation, anaesthesia was maintained with halothane and nitrous oxide delivered in a mixture with 50% oxygen by mechanical ventilation (Mark 7, Bird Corp. Palm Springs, CA, U.S.A.) at a respiratory rate of 20 to 25 breaths per minute and sufficient tidal volume to achieve an end-tidal carbon dioxide (CO 2 ) of 5.0-6.0% (CD300 CO 2 Analyser, Datex, Helsinki, Finland). Saturation of haemoglobin with oxygen (SpO 2 ) was measured with a probe attached to the tongue (Ohmeda Biox 3700, BOC Health Care, U.S.A.). A continous electrocardiograph was displayed and recorded at intervals (CS 6M Electrocardiograph, Schiller AG, Switzerland).
A catheter (Intracath, Deseret, Utah, U.S.A.) was inserted into a peripheral vein for administration of test substances. Additional catheters were inserted by surgical cutdown into both femoral arteries and veins. One arterial catheter was used to withdraw blood samples and the other to continuously monitor pressure. Fluoroscopy was used to aid insertion of a catheter into the right atrium and another (5F Swan Ganz thermodilution catheter, Baxter Healthcare Corporation) into a branch of the pulmonary artery. Although we intended to measure cardiac output and pulmonary artery occlusion pressure, the rapidity of events after envenomation precluded their practical measurement in most animals such that the the Swan Ganz catheter was devoted to pulmonary artery pressure measurement. Systemic arterial, central venous and pulmonary artery pressures were transduced (P.V.B. Transducers, Smiths Industries Medical Systems Co., U.K.) and displayed on Electronics-for-Medicine monitors and a paper recorder (Model 8K232H, San-ei Instruments Co Ltd, Japan). Arterial blood samples were withdrawn before infusion of test substances and at thirty-second intervals before death or up to ten minutes and at one hour in survivors for the measurement of serum sodium and potassium and plasma free haemoglobin estimations. In experiments involving verapamil, serum ionized calcium was also measured.
Box jellyfish tentacles up to 3 mm thick stored at -25°C were supplied by Dr P. Alderslade of the Division of Natural Sciences, Northern Terrritory Museum of Arts and Science. On reception, preliminary processing consisted of rapid thawing to less than 5°C, slicing into small sections and subsequent storage at -75°C in distilled water. After thawing and freezing three times, the sections were blended for three minutes with a Silverson blender and then subjected to three minutes of MSE ultrasonification. After centrifugation, the resultant supernatant was freeze dried to yield a powder which was dispensed as 2 mg per vial which was subsequently assayed as 477 mouse LD 50 units per vial. Immediately before experimentation, the powder was dissolved in normal saline and infused intravenously. This route was chosen because subcutaneous and intraperitoneal injections do not cause immediate systemic effects 20 and the usual mechanism of systemic envenomation is likely to be by intracapillary injection 2 .
Tentacle extract in doses of 0.5 to 15.0 U/kg were infused over one minute in a group of 20 animals. Several doses of extract (3, 6, 7 U/kg) were warmed to 37°C for 30 minutes in a water bath before infusion to exclude the possibility of venom inactivation by heat in neutralization experiments. One animal which received 15 U/kg and two which had received 10 U/kg had previously received small doses of verapamil without sustaining significant hypotension. Doses of 2 to 6 U/kg produced effects located in the linear portion of a dose-response curve ( Figure 3 ) and satisfy recommended standard practices for testing antivenom activity 21 . A dose of 4 U/kg was subsequently selected as the reference challenge dose for testing antivenom neutralization and the effects of verapamil on venom activity.
In a group of six animals, mixtures of tentacle extract in a dose of 4 U/kg and antivenom (Commonwealth Serum Laboratories, Parkville, Australia) in doses of 50, 100, 200 U/kg (one each) and 300 U/kg (3 animals) were infused over one minute. The tentacle extract and antivenom were incubated together in a water bath at 37°C for 30 minutes before infusion as recommended for standard testing for neutralization 21 .
In another group of 5 animals, verapamil in a dose of 0.05 mg/kg infused over one minute was followed 5 minutes later by tentacle extract in a dose of 4 U/kg. Preliminary experiments were conducted to ascertain the dose of verapamil which could be tolerated by anaesthetised piglets. Each dose was tested in 2 animals and infused over one minute. Doses of 0.025 and 0.05 mg/kg caused minor or moderate transient hypotension (up to 20% reduction) whereas doses of 0.075, 0.10 and 0.15 mg/kg caused immediate severe hypotension.
The statistical significance of data after test treatments was determined using repeated measures analysis of variance ("Epistat").
RESULTS

Tentacle Extract
Infusions of tentacle extract typically caused a transient rise in systemic pressure for approximately 30 seconds followed by a sustained severe reduction (Figure 1 ). The degree of hypotension was related to the dose of extract. Six animals which received 6, 7 U/kg (1 each), 10 U/kg (3) or 15 U/kg (1) died within two to five minutes with unrecordable systemic blood pressure, unrecordable cardiac output and of dysrrhythmias-usually ventricular fibrillation, ventricular tachycardia ( Figure 2 ) or slow idioventricular rhythm with pronounced conduction blocks. All other animals which received 0.5 to 5.0 U/kg (13) and 7 U/kg (1) survived but sustained systemic hypotension which reached a nadir at three to five minutes after envenomation and then recovered towards preenvenomation levels over variable periods. The percentage reduction in mean systemic arterial pressure for all animals at three to five minutes after envenomation (or sooner for non-survivors) is presented in Figure 3 .
Most survivors exhibited sinus tachycardia and ventricular extrasystoles but some exhibited slowing of sinus rhythm. An acute increase in pulmonary artery pressure was observed. The pulmonary hypertension was observed for up to ten minutes after envenomation but usually settled to pre-envenomation levels in survivors. End-tidal CO 2 and SpO 2 decreased during the period of systemic hypotension and pulmonary hypertension, probably indicating diminished pulmonary blood flow. Rapid rises in the serum levels of potassium and plasma free haemoglobin, indicating haemolysis, were recorded. No significant changes occurred in serum sodium levels.
The haemodynamic effects three to five minutes after 4 U/kg of extract in a subgroup of five animals are shown in Table 1 . The mean reduction in mean systemic pressure was from 55±11 mmHg (mean-SD) to 28±12 mmHg (P<0.05), representing a mean decrease of 49%. The mean pulmonary artery pressure increased from 21±4 mmHg to 30±5 mmHg (P<0.05), a mean increase of 42%. The central venous pressure increased after envenomation (NS). The potassium level increased from a mean of 5.6± 0.8 to 7.3±1.0 mmol/l (P<0.05). Plasma free haemoglobin levels increased from 0.06±0.03 to 0.21± 0.15 g/l (NS). All piglets survived one hour to the end of the monitoring period.
Antivenom-Tentacle Extract
A minor decrease (6%) in systemic blood pressure was observed in the group three to five minutes after receiving mixtures of antivenom and tentacle extract (Table 1 ). However, pulmonary hypertension was observed. The mean pressure increased from 17± 4 mmHg to 25±4 mmHg (P<0.005) representing a mean increase of 53%. No significant changes were observed in the central venous pressure or in the serum levels of potassium. The plasma free haemoglobin level increased from 0.05±0.005 to 0.10± 0.08 g/l (NS). All animals survived one hour to the end of the period of monitoring.
Verapamil-Tentacle Extract
A modest decrease in mean systemic blood pressure was observed after infusion of verapamil from 52 ±5 mmHg to 44±6 mmHg (Table 1) , representing a mean decrease of 14%. However, severe systemic hypotension was observed three to five minutes after subsequent infusion of tentacle extract with the mean pressure at 7±6mmHg (P<0.005). Verapamil did not alter the pulmonary pressure but it increased from 14±4 mmHg to 20±6 mmHg after subsequent envenomation (P<0.005). A significant increase in the serum potassium from 5.3±0.7 to 7.2±1.2 mmol/l (P< 0.05) was observed after envenomation. No significant changes were observed in the levels of serum sodium or calcium. The latter was 1.42±0.02 mmol/l before verapamil, 1.41±0.03 mmol/l after verapamil and 1.37±0.07 after tentacle extract. The plasma free haemoglobin increased from 0.05±0.03 to 0.26±0.29 g/l after extract (NS). The animals died at 2, 4, 6, 7 and 9 minutes after administration of the extract with systemic hypotension accompanied by ventricular fibrillation or slow idioventricular rhythm. The reduction in mean systemic arterial pressure was significantly more (P<0.05, one tailed t-test) in the verapamil-venom group than the group which received venom alone.
DISCUSSION
In spontaneously ventilating animals [6] [7] [8] an initial rapid rise in systemic blood pressure lasting 15 to 30 seconds was followed by a precipitous fall in pressure, accompanied by transient apnoea lasting from 10 to 120 seconds after which blood pressure and respira-43 ANTIVENOM, VERAPAMIL AND BOX JELLYFISH VENOM
Anaesthesia and Intensive Care, Vol. 26, No. 1, February 1998 tion were restored temporarily before hypotension and apnoea reoccurred. Electrocardiographic abnormalities included T wave elevation, bradycardia (idioventricular rhythm) and conduction delay. Haemolysis and hyperkalaemia were correlated. Similar disturbances in haemodynamics, cardiac rhythm and serum electrolytes and haemolysis were observed in this present study but with an additional observation of pulmonary hypertension. Given that the piglets were mechanically ventilated, it is unlikely then that the cardiovascular effects after human envenomation are entirely secondary to apnoea. The possible influence of halothane on the cardiovascular responses of the piglets cannot be excluded. The hyperkalaemia observed in this study may have been caused by haemolysis and this may have contributed to disturbances of cardiac rhythm. Although haemolysis and hyperkalaemia have not been detected in human case reports [3] [4] [5] 11 , these have not been studied systematically. There has been speculation whether extracts of tentacles contain the same toxins as venom discharged by nematocysts and whether such preparations contain active extraneous tentacular material. Purification of the active components of the venom is difficult because they are thermolabile, may aggregate and adhere to various column support matrices 6, 22 . Nonetheless, the biological and chromatographic properties of lethal and haemolytic fractions present in tentacle extract are similar to those obtained by a milking technique 6, 23 . Extracts from isolated nematocysts contained two myotoxins and a haemolysin while extracts of tentacles devoid of nematocysts contained a neurotoxin and a haemolysin 24 . Thus in this present study the haemolytic effects, as indicated by increases in plasma free haemoglobin, may have been pronounced by possible inclusion of extra-nematocystic material in the extract but the observed haemodynamic effects reflect clinical experiences and other animal experimentation.
This present study demonstrated that the ovine antivenom incubated for thirty minutes with tentacle extract which is presumed to contain all active components, neutralized systemic haemodynamic, cardiac and haemolytic effects. Nonetheless, pulmonary hypertension in this study was not prevented by the antivenom in doses which neutralized other effects, and is unexplained. In a clinical situation of envenomation, almost immediate neutralization by antivenom would be required for efficacy. In other experiments 25 , ovine antivenom improved survival in mice envenomated with tentacle extract.
Death was delayed but not averted in lethality experiments in mice treated with verapamil before and after administration of venom obtained by an amnion-milking technique 13 . Lethality was reduced from 21/21 to 16/22 in mice treated with verapamil after administration of tentacle extract 25 . Although encouraging, these results are not sufficent to recommend the use of verapamil, an agent which may cause hypotension by vasodilatation and negative inotropic effects. The venom increases myocardial papillary muscle calcium but this is secondary to sodium influx and is not inhibited by nifedipine, another calcium channel blocker 26 . In this study, verapamil failed to prevent cardiovascular collapse and other sequelae caused by Chironex fleckeri venom. Verapamil with venom was lethal to all animals whereas equal doses of venom alone caused adverse haemodynamic effects but not death. The reason for these different observations may be due to species differences or the content and doses of tentacle extracts in different studies. Verapamil may well have beneficial effects by preventing or ameliorating calcium influx and contraction of respiratory muscles or of treating sustained hypertension caused by smooth muscle contraction, but in this present work in which mechanical ventilation was provided, it did not prevent the onset of severe hypotension and dysrrhythmia. It thus cannot be recommended for the treatment of the collapsed patient. In this circumstance it would be useless and probably exacerbate hypotension. Valuable time after envenomation should be devoted to cardiopulmonary resuscitation and administration of antivenom.
